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Abstract: Non-nutritive sweeteners (NNS) are popular sugar replacements used in foods, beverages,
and medications. Although NNS are considered safe by regulatory organizations, their effects
on physiological processes such as detoxification are incompletely understood. Previous studies
revealed that the NNS sucralose (Sucr) altered P-glycoprotein (PGP) expression in rat colon. We also
demonstrated that early-life exposure to NNS Sucr and acesulfame potassium (AceK) compromises
mouse liver detoxification. Building upon these initial discoveries, we investigated the impact of
AceK and Sucr on the PGP transporter in human cells to assess whether NNS influence its key role in
cellular detoxification and drug metabolism. We showed that AceK and Sucr acted as PGP inhibitors,
competing for the natural substrate-binding pocket of PGP. Most importantly, this was observed
after exposure to concentrations of NNS within expected levels from common foods and beverage
consumption. This may suggest risks for NNS consumers, either when taking medications that
require PGP as the primary detoxification transporter or during exposure to toxic compounds.

Keywords: non-nutritive sweeteners; artificial sweeteners; acesulfame potassium; sucralose;
P-glycoprotein; ABCB1; MDR1

1. Introduction

For decades, non-nutritive sweeteners (NNS) have been commonly used as food
additives in the United States. They are found ubiquitously in products including “diet” or
“zero sugar” foods and beverages, medicines, lip balms, chewing gums, tabletop sweeteners,
and yogurts. NNS are small molecules with a significantly greater sweetness intensity
than traditional nutritive sweeteners such as sucrose and fructose and do not contribute
to caloric intake [1]. Six NNS are currently approved for consumption by the Food and
Drug Administration (FDA): aspartame, sucralose (Sucr), acesulfame potassium (AceK),
saccharin, neotame, and advantame [2]. Following toxicology studies in primarily animal
models, the FDA defined an Acceptable Daily Intake (ADI) for each NNS, indicating daily
amounts considered safe for human consumption.

Consumption of NNS is highly prevalent among people in developed countries [3].
Analyses of dietary trends show that, in the United States, 25% of children and over 40% of
adults consume NNS [3]. Rates of NNS consumption are usually higher among females,
people with obesity, and people with a diagnosis of diabetes [3]. Additionally, the majority
of adults consuming NNS report doing so on a daily basis [3]. Furthermore, the proportion
of US households purchasing foods and beverages containing NNS increased significantly
from 2008 to 2018, mainly driven by an increase in beverages containing a combination
of NNS and caloric sweeteners [4]. Interestingly, involuntary environmental exposure
to NNS is also likely, as trace levels of NNS have been found in treated and untreated
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wastewater [5]. Indeed, NNS have been detected in blood, feces, and breastmilk samples
from control groups in murine studies [6].

While nutritive sweeteners such as sucrose are easily metabolized for energy when
consumed, most NNS are highly stable, not metabolized, and excreted intact. Two such
NNS, sucralose (Sucr) and acesulfame potassium (AceK), are frequently combined in diet
foods and beverages but show different distribution patterns in human tissues. Indeed,
AceK is rapidly and nearly completely absorbed into the circulation, and, as it undergoes
no metabolism, remains in its original structure as it bathes various organs [1]. Ultimately,
98% of consumed AceK is excreted by the kidneys and removed through the urine. On the
contrary, Sucr is absorbed at a lower rate, with only 10-20% of orally administered Sucr
recovered in the urine of human subjects [7]. In one study, roughly 2% of Sucr recovered in
urine was found as glucuronide conjugates, demonstrating low metabolism rates in the
liver. The majority of Sucr is excreted unmetabolized in feces. On average, over 90% of
orally administered Sucr is passed within five days of consumption.

While advertised in weight-loss programs [8], the effectiveness of NNS for successful
weight loss and their impact on blood sugar control has been controversial, casting doubts
over their potential for benefits beyond reducing dental caries [9-11]. NNS have been
associated with an increased prevalence of non-alcoholic fatty liver disease (NAFLD),
the hepatic manifestation of metabolic syndromes, and diabetes [12]. NNS also alter
murine gut hormonal secretion and absorption [13] and promote “obesogenic” microbiome
dysbiosis [14]. Importantly, adverse effects of NNS combinations or the use of NNS in
specific populations were identified sometimes decades after FDA approval and were not
revealed in the original toxicology studies, stressing the need for additional research on
NNS safety [12,14]. Our lab recently highlighted a potentially damaging effect of NNS on
detoxification pathways, with evidence of dysregulated liver function [6].

The liver is the main site of detoxification for drugs or xenobiotics that enter the
circulation, utilizing conjugating enzymes and efflux transporters to neutralize and excrete
toxins [15]. Liver metabolites can be either excreted through bile in feces or returned
to general circulation and filtered through the kidneys. One essential detoxifying efflux
transporter, P-glycoprotein (PGP), is impacted by the consumption of NNS [16]. PGP, also
known as multidrug resistance protein 1 (MDR1) or ATP-binding cassette sub-family B
member 1 (ABCBL1), is an ATP-dependent 170 kDa transmembrane protein that expels
a variety of intracellular compounds from tissues for excretion. PGP is also a major
determinant of the absorption, disposition, and elimination of many common drugs in
key tissues such as the intestines and blood-brain barrier [17]. In the liver, PGP effluxes
drugs, toxins, biliary pigments, and metabolic conjugates from hepatocytes into the biliary
ducts [18]. Inhibition of PGP by different drugs can lead to a compensatory increase in
ABCB1 /PGP expression as the tissue attempts to maintain its excretory functioning [19].

Previous work in our lab found prominent effects of NNS-induced toxicity in the livers
of offspring from mothers fed a diet with AceK and Sucr [6]. Therefore, we wondered
whether NNS consumption alters PGP efflux efficiency, leading to reduced detoxification
capacity in the liver. In the present work, we confirmed that combined AceK and Sucr
increase ABCB1 /PGP levels in a human liver cell line, similar to expected expression levels
following exposure to PGP inhibitors [19]. Further, we demonstrated that AceK and Sucr
stimulated PGP ATPase activity while inhibiting the efflux of known PGP substrates, thus
acting as competitive inhibitors of PGP. These effects were found at concentrations of
NNS that have been recorded in human tissue samples after consumption of a single diet
beverage [20-22]. Finally, AceK and Sucr were found to occupy PGP binding pockets
in silico, making similar biochemical contacts as the known competitive inhibitor drugs
Verapamil and Vincristine. In conclusion, our findings suggest that consuming AceK and
Sucr within recommended levels poses potential risks for those also taking medications
transported by PGP. Further research may be necessary to determine safe levels of NNS
consumption for people taking these medications.
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2. Materials and Methods
2.1. Cell Culture

HepG2 and HEK-293 cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) and supplemented with 10% FBS (Gibco, Waltham, MA,
USA), 1% penicillin/streptomycin (Gibco, Waltham, MA, USA), and 200 mM L-glutamine
(Gibco, Waltham, MA, USA). Cells were maintained in a humidified incubator with 5% CO,
at 37 °C.

2.2. NNS and Other Reagents

Acesulfame potassium (AceK) and sucralose (Sucr) were kindly provided by Kristina
L. Rother (NICHD, National Institutes of Health, Bethesda, MD, USA) or alternatively
bought from Sigma-Aldrich (St. Louis, MO, USA—Sucr) or Cayman Chemical Company
(Ann Arbor, MI, USA—AceK). Experimental NNS concentrations were determined based
on previously reported levels in tissue after dietary exposure for each NNS and can be
found in Table 1. For in vitro PGP functional assays, Verapamil HCl was purchased from
BioVision, Inc (Milpitas, CA, USA). and Calcein-AM was purchased from Cayman Chemical
Company (Ann Arbor, MI, USA). Alternatively, Calcein-AM retention was measured with
the Multidrug Efflux Transporter P Glycoprotein (MDR1/P-gp) Ligand Screening Kit
(Abcam, Cambridge, UK, #ab284553). For cell-free PGP activity assays, the ADP-Glo MAX
assay (Promega, Madison, WI, USA, #V7001) was used for ATPase stimulation. Sodium
orthovanadate was also purchased from Promega (Madison, WI, USA).

Table 1. Acesulfame potassium (AceK) and sucralose (Sucr) concentrations revealed in tissues
following dietary exposure. AceK and Sucr are absorbed into the bloodstream following dietary
exposure and circulate intact as they bathe tissues in the body [1]. References giving concentra-
tions for each sweetener in different tissues were selected and are shown here with their highest
recorded concentrations.

Acesulfame Potassium Max Concentration ng/mL (nM)
Human plasma [22] 1500 (7500)
Human breastmilk [21] 1000 (5000)
Mouse plasma [6] 250 (1250)
Sucralose Max Concentration ng/mL (nM)
Human plasma [20] 300 (750)
Human breastmilk [21] 1200 (3000)
Mouse plasma [6] 80 (200)

2.3. RNA Extraction, cDONA Synthesis, and RT-qPCR

RNA was extracted with the PureLink RNA Mini Kit with on-column DNAse digestion
(Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol. cDNA was
synthesized using qScript cDNA SuperMix (QuantaBio, Beverly, MA, USA). Quantitative
PCR (qPCR) was performed using PerfeCTa SYBR Green FastMix, Low ROX (QuantaBio,
Beverly, MA, USA) on the QuantStudio3 qPCR systems (Applied Biosystems, Waltham,
MA, USA) according to the manufacturer’s protocol. Data were analyzed using the 2~AACt
methods [23]. Primers used in this study can be found in Table S1.

2.4. Protein Extraction, SDS Page, and Western Blot

Cells were lysed at 4 °C in Octyl Glucoside buffer (25 mM Tris-HCl pH 7.4, 20 mM
NaCl, 60 mM octyl glucoside). Lysates were sonicated and centrifuged at 18,000 g for
20 min at 4 °C. Laemmli buffer (4x) (200 mM Trist-HC1 pH 6.8, 277 mM SDS, 5.4 M
glycerol, 20% [v/v] beta-mercaptoethanol, 3 mM bromophenol blue) was added to the
supernatant of each lysate for a final concentration of 1x and boiled at 95 °C for five
minutes before loading on a 6% SDS-PAGE pre-cast gel (Invitrogen, Waltham, MA, USA)
for electrophoretic separation of proteins. Then, proteins were transferred onto a 0.45 mm



Nutrients 2023, 15,1118

4 0f 20

nitrocellulose membrane using 14 h wet transfer (10 V, 0.7 mA) at 4 °C. For the protein
loading control, membranes were first washed two times with nanopure water for 2 min,
then stained with Total Protein Stain (Invitrogen, Waltham, MA, USA) for 10 min and rinsed
in nanopure water an additional three times for 2 min. Membranes were then blocked in
freshly prepared non-fat dry milk (10% [w/v] in TBS-T—25 mM Tris pH 7.5, 150 mM NaCl,
0.05% w/v Tween-20) for 45 min. Membranes were incubated with mouse monoclonal anti-
P-glycoprotein antibodies (Sigma-Aldrich, St. Louis, MO, USA, #p7965) at 1:1000 dilution
in 10% Milk/TBS-T for one hour at room temperature (RT, 25 °C). After 3 TBS-T washes,
membranes were incubated with a goat anti-mouse fluorophore-conjugated secondary
antibody (LI-COR, Lincoln, NE, USA) at 1:10,000 dilution in TBS-T for one hour at RT. After
3 washes with TBS-T and one rinse of 5 min with PBS, membranes were imaged on the
Odyssey FC Imager (LI-COR, Lincoln, NE, USA). Images of full Western blots can be found
in Figure S1.

2.5. Calcein-AM Retention Assay

Inhibition of PGP substrate efflux was assessed by Calcein-AM retention using ei-
ther individually purchased reagents or the Multidrug Efflux Transporter P Glycoprotein
(MDR1/P-gp) Ligand Screening Kit (Abcam, Cambridge, UK), which contained identical
reagents in proprietary concentrations. Briefly, HepG2 or HEK-293 cells were seeded at
a confluence of 8 x 10* cells per well in a black-walled clear-bottomed 96-well plate and
grown to roughly 90% confluence. Reagents were prepared in assay buffer (Hanks Balanced
Salt Solution (HBSS) supplemented with 20 mM HEPES (from 1M HEPES buffer solution,
Gibco, Waltham, MA, USA)) immediately before assay. Cells were washed once with
warmed (37 °C) HBSS. Then, the plate was incubated at 37 °C for 15 min with assay buffer
containing either diluted NNS, the PGP competitive inhibitor Verapamil (50 uM) (positive
control), or equal volume of vehicle (HBSS) (negative control). Reporter substrate Calcein-
AM was then added to wells to a final concentration of 0.25 uM, protected from light, and
incubated at 37 °C for 30 min. Fluorescence was then measured on the FLUOstar Omega
microplate reader (BMG LabTech, Ortenberg, Germany) with excitation/emission spectra
at 488/532 nm. For assay optimization, HepG2 or HEK293 were incubated with increasing
concentrations of Calcein-AM, and Calcein retention was measured as fluorescent signal
at baseline and every 10 min thereafter for 70 min (Figure S2). HepG2 or HEK293 were
then incubated with combined AceK and Sucr, Verapamil, or vehicle control and a select
range of Calcein-AM concentrations for 30 min to determine Calcein-AM sensitivity to
pharmacological inhibition (Figure S3).

2.6. PGP ATPase Activation Assay

P-glycoprotein ATPase activity was assessed using the ADP-Glo Max Assay (Promega,
Madison, WI, USA). 5x assay buffer (250 mM Tris-MES pH 6.8, 50 mM MgCl,, 10 mM
EGTA, 250 mM KCl, 25 mM sodium azide, 10 mM DTT) was prepared ahead of time and
diluted to a final concentration of 1x with nanopure water immediately before each assay.
Briefly, PGP membranes, substrates, inhibitor, NNS stock, and reagents were thawed at
room temperature (RT, 25 °C) and prepared immediately prior to assay. PGP substrates,
NNS, or inhibitors in buffer were added to opaque white 96-well plates. Verapamil (50 uM)
is efficiently transported by the PGP and used as a positive control for maximum PGP
stimulation. Sodium orthovanadate (100 uM) completely inhibits PGP ATPase inhibition
and was used as negative control of background PGP activity. Human MDR1 vesicles
(Invitrogen, Waltham, MA, USA) (0.01 mg in 1x assay buffer) were added to the wells
and incubated at 37 °C for 5 min. Then, 10 uL of 5 mM Mg-ATP was added to each well
as substrates for PGP (final concentration 5 mM Mg-ATP), and incubated at 37 °C for
an additional 40 min. After 10 min equilibration to RT, 25 uL of ADP-GLO reagent was
added to each well and incubated at RT for 40 min. Then, 50 uL of ATP Detection Reagent
was added to each well in a dark room. The plate was briefly spun to mix, covered, and
incubated at RT for 1 hr. Luminescence was measured on the FLUOstar Omega microplate
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reader (BMG LabTech, Ortenberg, Germany). ATPase stimulation from the PGP competitive
inhibitor Verapamil was verified prior to treatment with AceK and Sucr (Figure S4).

2.7. Molecular Docking

The Cryo-EM structure of the nanodisc reconstituted, drug-free human PGP/ABCB1
was retrieved from the Protein Data Bank (PDB #7A65) [24]. Hydrogen atoms and gasteiger
charges were added using the prepare_receptor script from ADFR suite [25] following the
AutoDock Vina Documentation (Release 1.2.0) [26]. The reference 3D models of acesulfame,
sucralose, and verapamil were retrieved from the ZINC database [27] in mol2 format and
processed with the prepare_ligand script from ADEFR suite. The resulting pdbqt files for
the receptor and ligands were used in docking experiments with AutoDock Vina [26,28].
We used the Orientations of Proteins in Membranes (OPM) database [29] (model 7a65.pdb)
to adjust the docking box coordinates and dimensions in the transmembrane region of
the receptor. Vina 1.2 was run with an exhaustiveness parameter of 32, and 20 binding
poses were collected for each experiment. For each ligand, the corresponding binding
poses on the receptor were inspected and checked for consistency against experimental
data [30-32]. Then, the best binding poses with respect to the Vina built-in scoring function
were selected for presentation in this manuscript. PGP and docked ligands were visualized
with PyMOL [33].

2.8. Statistical Analysis

Data were analyzed with GraphPad Prism software version 9.5.0. Values are presented
as mean + SEM. Ordinary one-way ANOVA were performed with uncorrected Fisher’s
LSD with a single pooled variance. Multiple unpaired t-tests were performed with two-
stage linear step-up procedure of Benjamini, Kieger, and Yekutieli. Significance is presented
as follows: * p < 0.05; ** p < 0.01; ** p < 0.001; *** p < 0.0001. EC50 values were determined
by Nonlinear fit of dose-response stimulation (Equation: [Agonist] vs. response). The
model for the equation is given as: Y = Bottom + X x (Top-Bottom)/(EC50 + X).

3. Results
3.1. Acesulfame Potassium and Sucralose Impact the Expression of Detoxification Actors in Human
Liver Cell Line

Our lab previously demonstrated that early-life chronic exposure to combined AceK
and Sucr led to whitening in the livers of mouse pups and altered expression of phase
II detoxification enzymes in the liver [6]. Furthermore, metabolic analysis confirmed
the accumulation of intermediary metabolites not processed by phase II detoxification
enzymes, leading to increased oxidative stress [6]. These findings suggested that NNS-
fed pregnant mice gave birth to offspring with increased toxicity from inefficient liver
detoxification. While this was the first indication that NNS might directly impact liver
detoxification processes, the effects observed on the offspring’s liver might have been
secondary consequences of NNS exposure on non-hepatic targets, such as significant
changes found in their microbiomes. Thus, to validate the direct effects of NNS on liver
toxicity, we investigated the direct exposure to NNS on liver cells to determine their impact
on liver health and detoxification.

HepG2 liver carcinoma cells were treated with a mixture of AceK and Sucr at a concen-
tration equal to plasma concentrations following ingestion of the FDA-approved acceptable
daily intake (ADI) for each sweetener (AceK 2500 nM + Sucr 6000 nM), which replicates
the amount of NNS exposure in plasma to mice fed NNS daily in the previous study [6]
(Figure 1A). Expression of liver health and detoxification gene mRNA transcripts was
measured by RT-qPCR and normalized against beta-actin (ACTB). NNS treatment for 24 h
significantly decreased the expression of alcohol dehydrogenase 6 (ADH6) and alcohol
dehydrogenase 7A1 (ALDH7A1), while increasing the expression of aspartate aminotrans-
ferase (AST) and ABCBI, the gene encoding P-glycoprotein (PGP), henceforth labeled
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ABCB1/PGP (Figure 1A). Interestingly, in rat colon, increased ABCB1/PGP expression was
also reported following the sucralose diet [16].
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Figure 1. Acesulfame potassium (AceK) and sucralose (Sucr) alter expression of liver enzymes
and P-glycoprotein. (A) HepG2 liver carcinoma cells were treated with a mixture of AceK and Sucr
at a concentration equal to plasma concentrations after consumption of the acceptable daily intake
(ADI) for each sweetener (AceK 2500 nM + Sucr 6000 nM). Expression of liver detoxification mRNA
transcripts was measured by RT-qPCR and normalized against beta-actin (ACTB). Significance was
assessed by multiple unpaired t-tests. (B) HepG2 were treated with AceK and Sucr at concentrations
found in human plasma after consumption of an NNS-containing diet beverage (AceK 600 nM + Sucr
1500 nM) for either 24 h or 72 h. ABCB1/PGP expression was measured by RT-qPCR and normalized
against beta-actin (ACTB). Significance was assessed by ordinary one-way ANOVA. (C) HepG2
were treated with a range of concentrations of combined AceK + Sucr for 72 h. PGP expression was
measured by Western blot and normalized by Total Protein Stain (Invitrogen). * p < 0.05; *** p < 0.001;
3 p < 0.0001.
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Thus, we further investigated the impact of NNS on ABCB1/PGP expression in human
liver-origin cells. HepG2 cells were treated with a combination of AceK and Sucr at
concentrations found in human tissues after consumption of one diet soda (Table 1). Cells
were treated for 24 or 72 h, and ABCB1/PGP transcripts were measured by RT-qPCR.
ABCB1/PGP mRNA levels were significantly increased following combined NNS exposure
at both timepoints (Figure 1B). We next examined whether treating HepG2 with NNS would
consequently alter PGP protein levels. Because PGP has a long half-life (~27 h) [19], we
treated HepG2 with combined AceK and Sucr for 72 h and probed PGP levels by Western
blot. NNS treatment led to increased PGP levels (Figure 1C), consistent with reports of
increased PGP levels following treatment with substrate drugs and inhibitors [34].

3.2. Acesulfame Potassium and Sucralose Inhibit Efflux of PGP Substrates

ABCB1/PGP expression is frequently altered in response to a change in function. In-
deed, vinca alkaloid PGP substrates such as Vincristine have been shown to increase
ABCB1/PGP expression in response to its competitive inhibition [35]. To understand
whether NNS inhibit the efflux of PGP substrates, we performed fluorescence-based PGP
inhibition assays (Figure 2A). Calcein-AM is a substrate for PGP which, under normal
conditions, is continually effluxed out of cells by PGP in a cyclical fashion. When treated
alongside a potent PGP inhibitor such as Verapamil, Calcein-AM is retained intracellularly
due to competitive, non-competitive, or uncompetitive PGP inhibition. Cytosolic esterases
within the cell then convert trapped Calcein-AM into its fluorescent metabolite Calcein,
which cannot be transported by PGP. Thus, PGP inhibition is represented by an increased
fluorescent signal.

As our primary focus is understanding the effects of NNS consumption on liver
detoxification, hepatic cells were selected for our initial efflux inhibition studies. HepG2
cells were treated with a range of concentrations of individual AceK and Sucr, and Calcein
retention was measured by the resulting fluorescent signal intensity. Verapamil, a calcium
channel blocker and potent competitive inhibitor of PGP, was used as a positive control
for PGP inhibition [36,37]. AceK and Sucr treatment led to significant increases in Calcein
retention, thus indicating inhibition of Calcein-AM efflux (Figure 2B). Inhibition of Calcein-
AM efflux was observed at AceK and Sucr concentrations as low as 300 and 750 nM,
respectively. These are well within concentrations expected in human plasma after drinking
one NNS-sweetened beverage (Table 1).

While HepG2 are a useful model for human liver cells, they express abundant levels of
other related ABC transporters such as MRP2. Both Calcein-AM and Calcein are substrates
for MRP2 [38—40], thus creating a doubt as to which transporters Calcein is expelled by in
these cells and, thus, which transporter is inhibited by NNS. On the other hand, HEK-293
cells generated from a human embryonic kidney express high endogenous levels of PGP
while exhibiting negligible levels of MRP2 [41]. Therefore, in these cells, Calcein efflux can
be attributed to PGP activity. We treated both HepG2 and HEK-293 cells with a combination
of AceK and Sucr and measured the fluorescent signal from Calcein retention (Figure 2C).
Interestingly, Calcein retention was more pronounced in HEK-293 cells than in HepG2,
suggesting specificity for NNS inhibition to PGP.

3.3. Sucr and AceK Stimulate PGP Efflux Activity

Many PGP inhibitors, including Verapamil, are also high-affinity substrates for PGP [24].
Thus, they prevent the efflux of other substrates, such as Calcein-AM, by binding PGP
with higher affinities. The transport of these high-affinity competitive inhibitors requires
ATP consumption, which catalyzes the conformational shift associated with the substrate
efflux [42] (Figure 3A). PGP in the substrate-bound conformation is inward-facing, while
the outward-facing conformation allows substrate release. Therefore, measuring ATP
consumption by PGP is a common method for determining the binding kinetics of putative
substrates and competitive inhibitors [43,44]. Interestingly, organochlorine compounds,
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the family that includes Sucr, are often PGP substrates [10]. AceK, however, as a highly
water-soluble potassium salt, does not fit the typical profile for PGP substrates.
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Figure 2. Acesulfame potassium (AceK) and sucralose (Sucr) inhibit PGP substrate efflux.
(A) PGP inhibition can be measured in vitro through an assay of Calcein-AM retention. Calcein-AM
is a pre-fluorescent compound and substrate of PGP. Under basal conditions, it is continually effluxed
by PGP. In the presence of an inhibitor compound, Calcein-AM is trapped within the cell, where non-
specific esterases convert it to its fluorescent metabolite Calcein. Created with BioRender (B) HepG2
were incubated with individual AceK or Sucr, 50 uM Verapamil, or vehicle control. PGP inhibition
was measured as increased fluorescent signal from Calcein. Significance was assessed by ordinary
one-way ANOVA. (C) HepG2 and HEK-293 were incubated with Calcein-AM, along with positive
control 50 uM Verapamil or combined NNS. Significance was assessed by ordinary one-way ANOVA.
*p <0.05; ** p <0.01; *** p < 0.001; **** p < 0.0001.
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Figure 3. AceK and Sucr stimulate PGP ATPase activity. (A) ATP hydrolysis is required for the
conformational change that accomplishes substrate efflux. PGP ATPase activity can be assessed in
a cell-free assay. Vesicles containing human PGP are treated with compounds known to stimulate
ATP hydrolysis and test compounds. Created with BioRender (B) PGP membranes were treated
with increasing concentrations of AceK or Sucr. Ec50 values were determined by non-linear fitting
of [Agonist] vs. response (95% CI: AceK, 6.074 x 10~> to 0.001089 nM; Sucr, 004922 to 0.4787 nM).
(C) AceK and Sucr were incubated with PGP membranes individually and in the presence of 50 M
Verapamil. Verapamil, a known substrate of PGP, leads to strong stimulation of ATPase activity
alone. AceK and Sucr individually stimulate PGP ATPase activity in a dose-dependent manner.
Co-incubation of AceK or Sucr with Verapamil does not significantly increase or decrease ATPase
stimulation relative to Verapamil alone. Significance was assessed by ordinary one-way ANOVA.

To verify if Sucr and AceK are substrates of PGP and act as competitive inhibitors,
we measured PGP ATPase activity. Measurement of ATP consumption on artificial lipid
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vesicles exclusively containing recombinant human PGP provides a minimal system to
assess PGP activity. Individual AceK and Sucr at a range of concentrations were incubated
with PGP membranes. ADP produced by the hydrolysis of ATP by the ATPase domains of
PGP was measured by ADP-Glo Max assay (Promega, Madison, WI, USA), which utilizes a
luciferase/luciferin reaction to produce an ADP-dependent luminescent signal (Figure 3A).
Both AceK and Sucr increased ATPase activity in a dose-dependent manner, with EC50
values for AceK and Sucr being 0.00023 nM and 0.056 nM, respectively (Figure 3B). Thus,
AceK and Sucr are effluxed by PGP and are substrates of this transporter. We therefore
demonstrated that AceK and Sucr are transported by PGP at concentrations within expected
plasma levels after the ingestion of one NNS-sweetened beverage (Table 1), suggesting that
they are competitive inhibitors of PGP.

We next confirmed that the inhibitory effect of Sucr and AceK on PGP was through
competitive and not allosteric inhibition. If Sucr and AceK were also acting as allosteric
inhibitors, their co-incubation with a competitive inhibitor such as Verapamil would lead
to decreased PGP activity. Thus, AceK and Sucr were incubated with PGP membranes
supplemented or not with 50 uM Verapamil. As expected, Verapamil alone significantly
stimulates ATPase activity (Figure 3C). As previously observed, individual AceK and Sucr
treatments stimulated PGP ATPase activity, confirming NNS transport in a dose-dependent
manner. However, co-incubation of Verapamil with AceK or Sucr did not lead to significant
changes in PGP activity relative to Verapamil alone, demonstrating that they do not inhibit
PGP allosterically in the presence of potent substrates.

3.4. AceK and Sucr Show Unique PGP Binding Patterns In Silico

To further explore the interactions between NNS and PGP and elucidate their in-
hibitory mechanism, we performed virtual docking experiments of AceK and Sucr in the
PGP transmembrane domain, which includes multiple cavities, i.e., pockets, in which
substrates bind before efflux (Figure 4A, green box). Previously acquired crystal struc-
tures of PGP in complex with inhibitors, such as Vincristine, demonstrated that competi-
tive inhibitors mainly bind in a flexible, hydrophobic pocket within the transmembrane
domain [24,45] (Figure 4A, burgundy “pocket 1”). Docking of Verapamil was also per-
formed as a positive control for high-affinity binding, and sucrose (table sugar) was also
used in docking experiments as a compound structurally similar to sucralose. Indeed,
sucrose lacks three chloride substitutions and is ideal for assessing the specificity of su-
cralose binding to PGP. As expected, Verapamil docked solely in the high-affinity binding
pocket (Figures 4B and 5A). AceK showed a lower preference for binding within the
high-affinity pocket and docked in multiple locations within the transmembrane domain
(Figures 4C and 5B). In contrast, Sucr docking positions were mostly found within the
same binding pocket as Verapamil (Figures 4D and 5C). Furthermore, despite the high
structural overlap, Sucrose showed no preference for PGP pockets (Figures 4E and 5D),
suggesting Sucr had a preference for the high-affinity binding pocket of PGP due to its
chloride groups. A full report of docking positions, along with calculated metrics, including
binding affinities and root mean square deviation (RMSD), can be found in Table S2. As ex-
pected, Verapamil showed the highest calculated binding affinity of all tested compounds,
below —6.5 kcal/mol (Figure 5E). Sucr generally showed higher average calculated binding
affinities for each pocket than sucrose or AceK (Figure 5E). Calculated binding affinities for
AceK were relatively low across all regions in which it docked on PGP, which included two
poses outside the transmembrane channel (Figure 5E).
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I

Sucralose Sucrose

Figure 4. Molecular docking experiments show AceK and Sucr in PGP binding pockets. Docking
experiments were performed with AutoDock Vina and figures were prepared with PyMOL. Structure
for full-length PGP retrieved from RCSB Protein Data Bank (PDB: 7A65). 3D structures for Verapamil,
AceK, and Sucr retrieved from ZINC. (A) Structure of human PGP from cryo-EM (PDB: 7A65) showing
the location of main binding pockets in transmembrane region. (B-E) Insert of transmembrane
region showing PGP with Verapamil (B), AceK (C), Sucr (D), or Sucrose (E) docked in binding
pockets. Binding pockets are shown as: Pocket 1:burgundy; Pocket 2:indigo; Pocket 3:teal; External
binding site:gray.
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Bl 40% Pocket 3
E 10% Outside
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Bl 35% Pocket 1
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E 6.5  Tighter binding
Verapamil
-6.0
Acesulfame K
Average
-5.5  Calculated Affinity
(kcal/mol)
Sucralose
-5.0

Sucrose

-4.5 Inefficient binding
N Vv > @ -
X X X &
&‘9 e}g, 6*'0 o'@\ |:| No binding
L L L o

Figure 5. Binding pocket occupancy for compounds docked on PGP. All docking poses for each
compound were visualized on PyMOL and inventoried according to their position in PGP transmem-
brane binding pockets. (A-D) Frequency of poses in each binding pocket for each docked compound.
(E) Average calculated binding affinity for each compound and binding pocket combination. Tighter
binding indicated by indigo and weaker, inefficient binding indicated in yellow. Compound/binding
pocket combinations that were not found among top 20 docking poses are shown in white.

Polar contacts for all docking poses were also inventoried for Verapamil, Sucr, and
AceK (Figure 6). In agreement with the literature on PGP substrates [30-32], residues
contacted by all compounds in common include GIn347, GIn725, GIn990, and Tyr310
(Figure 6I). The distribution of polar contacts in the PGP binding pockets between each
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compound is further illustrated in Venn diagram format (Figure 6]) and showed that in
contrast to AceK, Verapamil and Sucr share most amino acid contacts with PGP.

I Structure of docked compounds and polar interactions with PGP residues J
Compound Structure Polar Interactions with PGP
Verapamil GIn347, GIn725, GIn990,

Acesulfame K

Sucralose

CHs
oN G Tyr310, Tyr953 Verapamil

N o)
“CH,
O/CHa

AceK

Ala63, Ala987, Asn721, Asn842,

GIn195, GIn347, GIn725,
GIn773, GIn838, GIn946,
GIn990, His61, Ser344, Ser992,
Thr199, Tyr310

al FHCl Sucr
on OHO Asn296, GIn195, GIn347,
S S GIn725, GIn838, GIn946,
OH o GIn990, Tyr307, Tyr310

@

Figure 6. AceK and Sucr make similar amino acid contacts in binding pockets as known PGP
substrates. (A-D) Select docking poses showing cartoons of Verapamil (A), Sucr (B), and AceK
(C,D) nested in PGP binding pockets on PyMOL. PGP structure 7A65 retrieved from RCSD Protein
Data Bank. Docked compounds retrieved from ZINC database. (E-H) Polar contacts for select poses
with labeled PGP amino acid residues for Verapamil (E), Sucr (F), and AceK (G,H). Dashed yellow
lines indicate polar bonds and bond lengths are given in Angstroms. (I) Structures for each docked
compound are provided along with PGP amino acids residues found in polar contacts for each. In
agreement with the literature on PGP substrates, residues contacted by all compounds in common
include GIn347, GIn725, GIn990, and Tyr310. (J) Venn diagram illustrating overlaps between PGP
residue polar contacts for each docked compound. Verapamil shares all but one polar contact with
both AceK and Sucr. Sucr shares most polar contacts with Verapamil and AceK, with only two unique
amino acid contacts. AceK has the most divergent binding profile with both the greatest total polar
contacts and the most unique polar contacts.

4. Discussion

Initially characterized in 1976 [46], P-glycoprotein (PGP) is an essential mediator of
drug metabolism and poses a challenge in treating cancers by causing multidrug resistance
in tumors, which gives PGP its alternative name Multidrug Resistance Protein 1 (MDR1).
Furthermore, PGP has many endogenous substrates and participates in the distribution of
steroid hormones, biliary pigments, cytokines, and short-chain lipids [47-50]. Due to the
substrate overlap with other members of the ATP-binding cassette transporter superfamily,
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deletion of PGP is non-lethal in animal models [51,52]. However, the absence of PGP, or
mutations in ABCB1, the gene encoding PGP, can dramatically alter the pharmacokinetics of
PGP substrates [53]. For example, because PGP is expressed at the maternal—fetal interface,
mutations on the gene encoding PGP can lead to lower placental PGP expression and
increased fetal exposure to drugs or environmental pollutants during pregnancy [54-59].
Similar effects can also be observed when PGP is pharmacologically inhibited. For instance,
a higher incidence of birth defects was reported among infants born to mothers who took
PGP substrate or inhibitor drugs during pregnancy, presumably resulting from higher
fetal exposure to teratogens [60]. Additionally, altered PGP expression or PGP inhibition
contributes to altered pharmacokinetics and drug—drug interactions [61]. In an era where
many common prescription drugs are PGP substrates, including antidepressants (amitripty-
line, citalopram, sertraline), antibiotics (levofloxacin, erythromycin), antivirals (saquinavir,
ritonavir), and more [17,60,62], it is essential to know which compounds inhibit or stimulate
PGP to prevent toxicity and improve treatment efficacy. Particularly, dietary compounds,
such as non-nutritive sweeteners (NNS), have been suggested to be PGP substrates [10,35].

Commonly consumed in both Western and Asian countries, NNS are increasingly
present in food, beverages, and other products that are marketed as “diet” or “zero” options,
as well as many with no such indications [4,63,64]. By increasing palatability at a low cost
and without raising overall calories, NNS are highly attractive to manufacturers. However,
consumers are not able to reliably identify products that contain NNS and may be ingesting
them regularly without knowing it [65]. It is estimated that over 40% of the adult population
in the United States consumes NNS [3]. Additionally, prescription drug use in the United
States continues to rise, and many of these medications are PGP substrates. Prescription
drug use includes about 13% of adults in the United States taking antidepressants, over
80% of patients in the United Kingdom or 40% of patients in the United States with type
2 diabetes mellitus prescribed metformin, and up to 80% of people in the United States
taking an antibiotic prescription within the course of a year [66-69]. Therefore, the potential
of drug-NNS interactions is intriguing.

Amongst the NNS that are approved for consumption by the Food and Drug Admin-
istration (FDA) and the Joint FAO/WHO Expert Committee on Food Additives (JECFA),
sucralose (Sucr) and acesulfame potassium (AceK) are now used more frequently due to a
decline in popularity for earlier sweeteners such as saccharin and aspartame. Along with
their predecessors, these two NNS have also come under scrutiny for their potential health
risks. A large population-based study recently linked high rates of AceK consumption
with increased risks of breast and metabolic-related cancers [70]. Previously, sucralose
has been linked to both dysregulation of the microbiome and increased PGP levels in the
large intestine of rats [16]. Further study into the impact of NNS on PGP was necessary
to elucidate the mechanisms for this interaction. Importantly, for the first time, we in-
vestigated the effects of combined AceK and Sucr on PGP, which more closely replicates
real-world exposures from food and beverage products that frequently contain combined
sweeteners (Gatorade G2, Powerade Zero, Diet Mountain Dew). Furthermore, our experi-
ments modeled the exposure to AceK and Sucr in simplified systems, showing a direct link
between NNS and PGP dysregulation. Our results also showed that longer NNS exposure
times (~24-72 h) increased ABCB1 /PGP expression, while acute exposure (~30 min) caused
competitive inhibition of PGP efflux function. This shows that NNS consumption may have
unexpected consequences even in short-term situations such as drinking an occasional
diet soda.

A recent study from our lab also suggested the potential inhibition of PGP by NNS [6].
Mouse pups from mothers fed NNS during pregnancy and lactation showed decreased
plasma levels of endogenous ATP-binding cassette transporter substrates, including PGP
substrates bilirubin and biliverdin [6]. This suggested a failure of hepatic PGP to regulate
proper dispositions of unconjugated bile pigments. We posit that the NNS exposure
from the mothers’ diets inhibited natural PGP efflux, leading to the accumulation of
PGP substrate compounds and liver toxicity, evidenced by metabolomics data and gross
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whitening of the pups’ livers. Due to the design of this previous study, however, we were
not able to make this claim conclusively. The NNS exposure in the study in mice was not
explicitly targeted to the liver, and indeed, significant dysregulation of pups’ microbiome
was also revealed, preventing us from concluding that NNS actions on hepatic PGP alone
led to the liver dysfunction. Additionally, those experiments only used mixed AceK and
Sucr, preventing the determination of the role of individual NNS in PGP deregulation.
Finally, NNS exposure in mice began at conception and continued through lactation, a
period totaling roughly 40 days. As such, the effects of such long-term exposure on hepatic
PGP may have extended beyond acute functional inhibition. This initial evidence that NNS
might not only bind to PGP but also impact its activity was validated in the current study.

Here, we opted for a more targeted approach to directly assess the impact of NNS on
PGP in liver cells and demonstrated that concentrations of AceK and Sucr found in human
plasma after drinking one NNS-sweetened beverage competitively inhibit PGP function.
These effects would be present both when consumed individually (e.g., Splenda sweetener
packets—Sucr only, Diet Coke—AceK only) or combined (e.g., Gatorade G2, Powerade
Zero, Diet Mountain Dew). Despite a lack of evidence for the safety of combinations of
food additives, NNS are frequently combined in food and beverage products because
of their complementary effects on taste. A deeper exploration of NNS combinations is
therefore warranted and is especially relevant in the detoxification pathways, which utilize
transporters with wide substrate recognition.

Prior to this study, Sucr had already been suggested to be a substrate of PGP due
to its structure as an organochlorine molecule, many of which are PGP substrates [10].
Our study confirmed Sucr as a substrate through functional assays and in silico docking
experiments and emphasizes that Sucr enters the transmembrane channel of PGP and binds
within efflux-stimulating substrate pockets. Sucr docks mainly in the same high-affinity,
high-turnover pocket as Verapamil, a known potent PGP substrate. AceK, a structurally
dissimilar NNS not previously implicated as a PGP substrate, shows similar impacts on PGP
function as Sucr experimentally. AceK effectively inhibits Calcein-AM efflux and stimulates
PGP ATPase function at concentrations equal to or lower than Sucr, respectively. In docking
experiments, AceK shows more promiscuous interactions within the transmembrane region
while still being capable of making polar contacts with key amino acid residues that trigger
efflux. The binding of Sucr and AceK into PGP suggests that they might compete with PGP
substrates and act as inhibitors at low picomolar concentrations.

Based on our cellular efflux assay, we imagine that when AceK and Sucr are consumed
along with PGP substrate medications, they may be preferentially effluxed by PGP, leading
to the retention of other PGP substrates, altered drug distribution, and increased cellular
toxicity. As novel PGP inhibitors, it is crucial to determine the extent of the NNS—drug
interactions to understand how they may impact pharmacological therapeutic interventions
throughout the body. This is not only critical in the liver, but in all tissues expressing PGP.
The activity of PGP at blood-tissue barriers has been studied extensively, particularly at
the intestine, liver, kidneys, and blood-brain barrier. Unaccounted functional inhibition of
PGP at any of these sites could lead to higher rates of drug exposure than intended and
compromise therapeutic efficacy [71-73]. Adverse effects of such drug-drug and drug-food
interactions have been documented for decades, including prior to the identification of
PGP as the transporter responsible for this phenomenon [74,75]. For example, increased
plasma levels of orally administered digoxin or fexofenadine were observed after co-
administration of Verapamil, a calcium channel blocker used as an anti-hypertensive and
now widely known as a PGP competitive inhibitor [36,74,75]. Many PGP-mediated food-
drug interactions are known, including the disruption of PGP substrate drug uptake by
components of grapefruit juice and soybean products [71-73,76]. Although knowledge
of such interactions is available to prescribing physicians, a recent study reported that
patient counseling may be inadequate [77]. Risks of interactions with foods and herbal
supplements may be greater as they are freely available without prescriptions. Herbal
remedies are more likely to be considered “safe” by consumers, despite potentially having
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multiple biologically active compounds [78]. To our knowledge, our studies are the first to
show that the NNS AceK and Sucr may belong among this group of foods that interact with
PGP substrate drugs. Further study is necessary to uncover the extent of the potential of
AceK and Sucr to interfere with the expected absorption and distribution of PGP substrate
drugs. This will be of particular interest to populations that may have a higher risk of
exposure to both NNS and PGP substrate drugs. In Western countries, women and people
with type 2 diabetes are known to consume NNS at higher rates [3]. Among people
taking PGP substrate drugs, women are more likely to take certain antidepressants [66] or
metformin for reproductive conditions [79].

While our experiments present initial evidence of AceK and Sucr deregulation of
PGP, some limitations prevent drawing conclusions about clinical risks at this time. Our
in vitro experiments on ABCB1 and PGP expression utilized HepG2, an established cell
line of human liver cancer origin. While HepG2 cells endogenously express functional PGP,
primary human hepatocytes or more advanced model systems such as organoids would
provide important physiological evidence of NNS deregulating PGP expression in healthy
liver tissue. Furthermore, our experiments did not test the effects of NNS on the efflux of
other PGP substrate drugs. Thus, future experiments should assess the impact of NNS on
the transport of PGP substrate drugs in vitro and in vivo, ideally in multiple tissue types
where PGP plays a critical role in drug distribution (e.g., intestine, blood-brain barrier,
placenta) [17]. This will improve our understanding of how dietary NNS exposure could
interfere with therapeutic interventions. Future studies should address whether the dietary
consumption of AceK and Sucr pose challenges in complex health conditions where PGP
activity is relevant such as advanced liver diseases or certain cancers. Furthermore, future
work should investigate the impacts of NNS on PGP-mediated drug transport during
pregnancy, where PGP plays a critical role in protecting the developing fetus from toxic
exposures [60,80,81].

5. Conclusions

Using a combination of human hepatic- and kidney-origin cells, cell-free biochemical
assays, and molecular docking, we have demonstrated that sucralose and acesulfame
potassium act as competitive inhibitors of P-glycoprotein at concentrations as low as levels
found in human plasma after drinking one non-nutritive sweetener (NNS)-sweetened
beverage. Thus, previous findings from NNS-fed mice and our present results support a role
for NNS in impairing proper PGP function and cellular detoxification. Due to the crucial
role of PGP in various tissues, including drug absorption, xenobiotic defense and clearance,
and distribution of endogenous substrates such as steroid hormones and cytokines, it is
imperative to fully characterize the consequences of sucralose and acesulfame potassium
exposures among target populations. Future work must elucidate the impact of these
popular NNS on the absorption and clearance of common PGP substrate drugs in relevant
tissue types, including the intestine, blood-brain barrier, and placenta. Clinical studies
will reveal whether NNS consumption poses additional risks to patients prescribed PGP
substrate drugs. By enhancing our fundamental understanding of the biological effects
of NNS, we hope to improve the guidelines for food consumption during pharmacologic
interventions and prevent harmful behaviors in patients.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/nu15051118/s1, Figure S1: Combined AceK + Sucr treatment increases
PGP exposure in HepG2; Figure S2: Calcein retention measured at different timepoints for varying
Calcein-AM concentrations; Figure S3: Sensitivity of human cell lines to Calcein-AM efflux inhibition;
Figure S4: PGP ATPase stimulation by Verapamil; Table S1: Gene primers used in HepG2; Table S2:
Log files from Autodock VINA (ADV) molecular docking experiments and manually assigned
pocket designation.

Author Contributions: Conceptualization, L.D. and S.0.-V.S.; methodology, L.D., R.V., EM. and
5.0.-VS,; formal analysis, L.D. and FEM.; writing—original draft preparation, L.D.; writing—review


https://www.mdpi.com/article/10.3390/nu15051118/s1
https://www.mdpi.com/article/10.3390/nu15051118/s1

Nutrients 2023, 15,1118 17 of 20

and editing, R.V., EM. and S.0.-V.S.; supervision, S.0.-V.S.; funding acquisition, L.D. and S.0.-V.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a Predoctoral Fellowship from the American Heart Associ-
ation (Grant number: 23PRE1026108) as well as by the department of Biochemistry, Medical College
of Wisconsin.

Data Availability Statement: All data are available in the main text or the Supplementary Materials.

Acknowledgments: We are grateful to Eugenia Wulff-Fuentes, Rex Berendt, and Sarai Luna of the
Olivier-Van Stichelen lab for their ongoing support during this project. We are also grateful to John
Corbett, Brian Smith, Daisy Sahoo, Elizabeth Sweeny, Cecilia Hillard, and Christina Behlke for their
conceptual and experimental input. We also thank Kristina L. Rother (NIH) for providing NNS to
start this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Magnuson, B.A.; Carakostas, M.C.; Moore, N.H.; Poulos, S.P.; Renwick, A.G. Biological Fate of Low-Calorie Sweeteners. Nutr.
Rev. 2016, 74, 670-689. [CrossRef] [PubMed]

2. FDA. Additional Information about High-Intensity Sweeteners Permitted for Use in Food in the United States; FDA: Silver Spring, MD,
USA, 2020.

3. Sylvetsky, A.C.; Jin, Y.; Clark, E.J.; Welsh, J.A.; Rother, K.I.; Talegawkar, S.A. Consumption of Low-Calorie Sweeteners among
Children and Adults in the United States. J. Acad. Nutr. Diet. 2017, 117, 441-448.e2. [CrossRef] [PubMed]

4. Dunford, E.K.; Miles, D.R.; Ng, S.W.; Popkin, B. Types and Amounts of Nonnutritive Sweeteners Purchased by US Households: A
Comparison of 2002 and 2018 Nielsen Homescan Purchases. |. Acad. Nutr. Diet. 2020, 120, 1662-1671.e10. [CrossRef] [PubMed]

5. Harwood, J.J]. Molecular Markers for Identifying Municipal, Domestic and Agricultural Sources of Organic Matter in Natural
Waters. Chemosphere 2014, 95, 3-8. [CrossRef]

6.  Stichelen, S.0.-V.; Rother, K.I; Hanover, ].A. Maternal Exposure to Non-Nutritive Sweeteners Impacts Progeny’s Metabolism and
Microbiome. Front. Microbiol. 2019, 10, 1360. [CrossRef]

7. Roberts, A.; Renwick, A.G.; Sims, J.; Snodin, D.]. Sucralose Metabolism and Pharmacokinetics in Man. Food Chem. Toxicol. 2000,
38,31-41. [CrossRef]

8.  Gardner, C.; Wylie-Rosett, J.; Gidding, S.S.; Steffen, L.M.; Johnson, R K.; Reader, D.; Lichtenstein, A.H. Nonnutritive Sweeteners:
Current Use and Health Perspectives: A Scientific Statement from the American Heart Association and the American Diabetes
Association. Diabetes Care 2012, 35, 1798-1808. [CrossRef]

9.  Swithers, S.E.; Laboy, A.E; Clark, K.; Cooper, S.; Davidson, T.L. Experience with the High-Intensity Sweetener Saccharin Impairs
Glucose Homeostasis and GLP-1 Release in Rats. Behav. Brain Res. 2012, 233, 1-14. [CrossRef]

10. Schiffman, S.S.; Rother, K.I. Sucralose, A Synthetic Organochlorine Sweetener: Overview of Biological Issues. |. Toxicol. Environ.
Health Part B 2013, 16, 399-451. [CrossRef]

11. Rother, K.I; Conway, E.M.; Sylvetsky, A.C. How Non-Nutritive Sweeteners Influence Hormones and Health. Trends Endocrinol.
Metab. 2018, 29, 455-467. [CrossRef]

12.  Green, C.H.; Syn, W.-K. Non-Nutritive Sweeteners and Their Association with the Metabolic Syndrome and Non-Alcoholic Fatty
Liver Disease: A Review of the Literature. Eur. . Nutr. 2019, 58, 1785-1800. [CrossRef]

13.  Brown, R.J.; Rother, K.I. Non-Nutritive Sweeteners and Their Role in the Gastrointestinal Tract. J. Clin. Endocrinol. Metab. 2012, 97,
2597-2605. [CrossRef]

14. Bian, X,; Chi, L.; Gao, B.; Tu, P; Ru, H.; Lu, K. Gut Microbiome Response to Sucralose and Its Potential Role in Inducing Liver
Inflammation in Mice. Front. Physiol. 2017, 8, 487. [CrossRef]

15.  Kroll, T.; Prescher, M.; Smits, S.H.J.; Schmitt, L. Structure and Function of Hepatobiliary ATP Binding Cassette Transporters. Chern.
Rev. 2021, 121, 5240-5288. [CrossRef]

16. Abou-Donia, M.B.; El-Masry, E.M.; Abdel-Rahman, A.A.; McLendon, R.E.; Schiffman, S.S. Splenda Alters Gut Microflora and
Increases Intestinal P-Glycoprotein and Cytochrome P-450 in Male Rats. ]. Toxicol. Environ. Health A 2008, 71, 1415-1429.
[CrossRef]

17.  Fromm, M.F. Importance of P-Glycoprotein at Blood-Tissue Barriers. Trends Pharmacol. Sci. 2004, 25, 423—429. [CrossRef]

18.  Schinkel, A.H. The Physiological Function of Drug-Transporting P-Glycoproteins. Semin. Cancer Biol. 1997, 8, 161-170. [CrossRef]

19. Katayama, K.; Kapoor, K.; Ohnuma, S.; Patel, A.; Swaim, W.; Ambudkar, 1.S.; Ambudkar, S.V. Revealing the Fate of Cell Surface
Human P-Glycoprotein (ABCB1): The Lysosomal Degradation Pathway. Biochim. Biophys. Acta BBA Mol. Cell Res. 2015, 1853,
2361-2370. [CrossRef] [PubMed]

20. Sylvetsky, A.C.; Bauman, V.; Blau, J.E.; Garraffo, H.M.; Walter, PJ.; Rother, K.I. Plasma Concentrations of Sucralose in Children
and Adults. Toxicol. Environ. Chem. 2016, 99, 1-8. [CrossRef] [PubMed]

21. Rother, K.I; Sylvetsky, A.C.; Walter, PJ.; Garraffo, H.M.; Fields, D.A. Pharmacokinetics of Sucralose and Acesulfame-Potassium in

Breast Milk Following Ingestion of Diet Soda. . Pediatr. Gastroenterol. Nutr. 2018, 66, 466—470. [CrossRef] [PubMed]


http://doi.org/10.1093/nutrit/nuw032
http://www.ncbi.nlm.nih.gov/pubmed/27753624
http://doi.org/10.1016/j.jand.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/28087414
http://doi.org/10.1016/j.jand.2020.04.022
http://www.ncbi.nlm.nih.gov/pubmed/32739278
http://doi.org/10.1016/j.chemosphere.2013.09.104
http://doi.org/10.3389/fmicb.2019.01360
http://doi.org/10.1016/S0278-6915(00)00026-0
http://doi.org/10.2337/dc12-9002
http://doi.org/10.1016/j.bbr.2012.04.024
http://doi.org/10.1080/10937404.2013.842523
http://doi.org/10.1016/j.tem.2018.04.010
http://doi.org/10.1007/s00394-019-01996-5
http://doi.org/10.1210/jc.2012-1475
http://doi.org/10.3389/fphys.2017.00487
http://doi.org/10.1021/acs.chemrev.0c00659
http://doi.org/10.1080/15287390802328630
http://doi.org/10.1016/j.tips.2004.06.002
http://doi.org/10.1006/scbi.1997.0068
http://doi.org/10.1016/j.bbamcr.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26057472
http://doi.org/10.1080/02772248.2016.1234754
http://www.ncbi.nlm.nih.gov/pubmed/28775393
http://doi.org/10.1097/MPG.0000000000001817
http://www.ncbi.nlm.nih.gov/pubmed/29077645

Nutrients 2023, 15,1118 18 of 20

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Stampe, S.; Leth-Moller, M.; Greibe, E.; Hoffmann-Liicke, E.; Pedersen, M.; Ovesen, P. Artificial Sweeteners in Breast Milk: A
Clinical Investigation with a Kinetic Perspective. Nutrients 2022, 14, 2635. [CrossRef] [PubMed]

Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the
Method. Methods 2001, 25, 402—408. [CrossRef] [PubMed]

Nosol, K.; Romane, K.; Irobalieva, R.N.; Alam, A.; Kowal, J.; Fujita, N.; Locher, K.P. Cryo-EM Structures Reveal Distinct
Mechanisms of Inhibition of the Human Multidrug Transporter ABCB1. Proc. Natl. Acad. Sci. USA 2020, 117, 26245-26253.
[CrossRef] [PubMed]

Ravindranath, P.A.; Forli, S.; Goodsell, D.S.; Olson, A J.; Sanner, M.F. AutoDockFR: Advances in Protein-Ligand Docking with
Explicitly Specified Binding Site Flexibility. PLoS Comput. Biol. 2015, 11, e1004586. [CrossRef]

Eberhardyt, J.; Santos-Martins, D.; Tillack, A.F,; Forli, S. AutoDock Vina 1.2.0: New Docking Methods, Expanded Force Field, and
Python Bindings. J. Chem. Inf. Model. 2021, 61, 3891-3898. [CrossRef]

Irwin, J.J.; Shoichet, B.K. ZINC—A Free Database of Commercially Available Compounds for Virtual Screening. J. Chem. Inf.
Model. 2005, 45, 177-182. [CrossRef]

Trott, O.; Olson, A.J]. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient
Optimization and Multithreading. J. Comput. Chem. 2010, 31, 455-461. [CrossRef]

Lomize, M.A.; Pogozheva, 1.D.; Joo, H.; Mosberg, H.I,; Lomize, A.L. OPM Database and PPM Web Server: Resources for
Positioning of Proteins in Membranes. Nucleic Acids Res. 2012, 40, D370-D376. [CrossRef]

Mohana, S.; Ganesan, M.; Agilan, B.; Karthikeyan, R.; Srithar, G.; Beaulah Mary, R.; Ananthakrishnan, D.; Velmurugan, D.;
Rajendra Prasad, N.; Ambudkar, S.V. Screening Dietary Flavonoids for the Reversal of P-Glycoprotein-Mediated Multidrug
Resistance in Cancer. Mol. Biosyst. 2016, 12, 2458-2470. [CrossRef]

Liao, D.; Zhang, W.; Gupta, P.; Lei, Z.-N.; Wang, J.-Q.; Cai, C.-Y,; Vera, A.A.D.; Zhang, L.; Chen, Z.-S.; Yang, D.-H. Tetrandrine
Interaction with ABCB1 Reverses Multidrug Resistance in Cancer Cells Through Competition with Anti-Cancer Drugs Followed
by Downregulation of ABCB1 Expression. Molecules 2019, 24, 4383. [CrossRef]

Xing, J.; Huang, S.; Heng, Y.; Mei, H.; Pan, X. Computational Insights into Allosteric Conformational Modulation of P-Glycoprotein
by Substrate and Inhibitor Binding. Molecules 2020, 25, 6006. [CrossRef] [PubMed]

Schrodinger LLC. The PyMOL Molecular Graphics System, Version 2.0; Schrodinger LLC: New York, NY, USA, 2010.

Wang, X; Deng, R.; Lu, Y; Xu, Q.; Yan, M.; Ye, D.; Chen, W. Gambogic Acid as a Non-Competitive Inhibitor of ATP-Binding
Cassette Transporter B1 Reverses the Multidrug Resistance of Human Epithelial Cancers by Promoting ATP-Binding Cassette
Transporter Bl Protein Degradation. Basic Clin. Pharmacol. Toxicol. 2013, 112, 25-33. [CrossRef]

Dewanjee, S.; Dua, T.; Bhattacharjee, N.; Das, A.; Gangopadhyay, M.; Khanra, R.; Joardar, S.; Riaz, M.; Feo, V.; Zia-Ul-Haq, M.
Natural Products as Alternative Choices for P-Glycoprotein (P-Gp) Inhibition. Molecules 2017, 22, 871. [CrossRef] [PubMed]
Yasui-Furukori, N.; Uno, T.; Sugawara, K.; Tateishi, T. Different Effects of Three Transporting Inhibitors, Verapamil, Cimetidine,
and Probenecid, on Fexofenadine Pharmacokinetics. Clin. Pharmacol. Ther. 2005, 77, 17-23. [CrossRef] [PubMed]

Calabrese, E.J. P-Glycoprotein Efflux Transporter Activity Often Displays Biphasic Dose-Response Relationships. Crit. Rev. Toxicol.
2008, 38, 473-487. [CrossRef] [PubMed]

Evseenko, D.A; Paxton, ].W.; Keelan, J.A. ABC Drug Transporter Expression and Functional Activity in Trophoblast-like Cell
Lines and Differentiating Primary Trophoblast. Am. ]. Physiol. Regul. Integr. Comp. Physiol. 2006, 290, R1357-R1365. [CrossRef]
Roy, U.; Chakravarty, G.; Honer Zu Bentrup, K.; Mondal, D. Montelukast Is a Potent and Durable Inhibitor of Multidrug
Resistance Protein 2-Mediated Efflux of Taxol and Saquinavir. Biol. Pharm. Bull. 2009, 32, 2002-2009. [CrossRef]

Masereeuw, R.; Notenboom, S.; Smeets, PH.E.; Wouterse, A.C.; Russel, EG.M. Impaired Renal Secretion of Substrates for the
Multidrug Resistance Protein 2 in Mutant Transport-Deficient (TR ™) Rats. J. Am. Soc. Nephrol. 2003, 14, 2741-2749. [CrossRef]
Uhlén, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A Kampf, C.; Sjostedt, E.;
Asplund, A ; et al. Tissue-Based Map of the Human Proteome. Science 2015, 347, 1260419. [CrossRef]

Kim, Y.; Chen, J. Molecular Structure of Human P-Glycoprotein in the ATP-Bound, Outward-Facing Conformation. Science 2018,
359, 915-919. [CrossRef]

Urbatsch, I.L.; Al-Shawi, M.K.; Senior, A.E. Characterization of the ATPase Activity of Purified Chinese Hamster P-Glycoprotein.
Biochemistry 1994, 33, 7069-7076. [CrossRef] [PubMed]

Shapiro, A.B.; Ling, V. ATPase Activity of Purified and Reconstituted P-Glycoprotein from Chinese Hamster Ovary Cells. J. Biol.
Chem. 1994, 269, 3745-3754. [CrossRef] [PubMed]

Aller, S.G.; Yu, J.; Ward, A.; Weng, Y.; Chittaboina, S.; Zhuo, R.; Harrell, PM.; Trinh, Y.T.; Zhang, Q.; Urbatsch, I.L.; et al. Structure
of P-Glycoprotein Reveals a Molecular Basis for Poly-Specific Drug Binding. Science 2009, 323, 1718-1722. [CrossRef] [PubMed]
Juliano, R.L.; Ling, V. A Surface Glycoprotein Modulating Drug Permeability in Chinese Hamster Ovary Cell Mutants. Biochirm.
Biophys. Acta BBA Biomembr. 1976, 455, 152-162. [CrossRef] [PubMed]

Yang, C.P.H.; DePinho, S.G.; Greenberger, L.M.; Arceci, R.J.; Horwitz, S.B. Progesterone Interacts with P-Glycoprotein in
Multidrug-Resistant Cells and in the Endometrium of Gravid Uterus. |. Biol. Chem. 1989, 264, 782-788. [CrossRef] [PubMed]
van Helvoort, A.; Smith, A.].; Sprong, H.; Fritzsche, I.; Schinkel, A.H.; Borst, P.; van Meer, G. MDR1 P-Glycoprotein Is a Lipid
Translocase of Broad Specificity, While MDR3 P-Glycoprotein Specifically Translocates Phosphatidylcholine. Cell 1996, 87, 507-517.
[CrossRef] [PubMed]

27AACT


http://doi.org/10.3390/nu14132635
http://www.ncbi.nlm.nih.gov/pubmed/35807817
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1073/pnas.2010264117
http://www.ncbi.nlm.nih.gov/pubmed/33020312
http://doi.org/10.1371/journal.pcbi.1004586
http://doi.org/10.1021/acs.jcim.1c00203
http://doi.org/10.1021/ci049714+
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1093/nar/gkr703
http://doi.org/10.1039/C6MB00187D
http://doi.org/10.3390/molecules24234383
http://doi.org/10.3390/molecules25246006
http://www.ncbi.nlm.nih.gov/pubmed/33353070
http://doi.org/10.1111/j.1742-7843.2012.00921.x
http://doi.org/10.3390/molecules22060871
http://www.ncbi.nlm.nih.gov/pubmed/28587082
http://doi.org/10.1016/j.clpt.2004.08.026
http://www.ncbi.nlm.nih.gov/pubmed/15637527
http://doi.org/10.1080/10408440802004049
http://www.ncbi.nlm.nih.gov/pubmed/18568867
http://doi.org/10.1152/ajpregu.00630.2005
http://doi.org/10.1248/bpb.32.2002
http://doi.org/10.1097/01.ASN.0000094083.82845.FA
http://doi.org/10.1126/science.1260419
http://doi.org/10.1126/science.aar7389
http://doi.org/10.1021/bi00189a008
http://www.ncbi.nlm.nih.gov/pubmed/7911680
http://doi.org/10.1016/S0021-9258(17)41923-5
http://www.ncbi.nlm.nih.gov/pubmed/7906270
http://doi.org/10.1126/science.1168750
http://www.ncbi.nlm.nih.gov/pubmed/19325113
http://doi.org/10.1016/0005-2736(76)90160-7
http://www.ncbi.nlm.nih.gov/pubmed/990323
http://doi.org/10.1016/S0021-9258(19)85010-X
http://www.ncbi.nlm.nih.gov/pubmed/2562956
http://doi.org/10.1016/S0092-8674(00)81370-7
http://www.ncbi.nlm.nih.gov/pubmed/8898203

Nutrients 2023, 15,1118 19 of 20

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Watchko, J.E; Daood, M.J.; Mahmood, B.; Vats, K.; Hart, C.; Ahdab-Barmada, M. P-Glycoprotein and Bilirubin Disposition. J.
Perinatol. 2001, 21, S43-547. [CrossRef]

Igbal, M.; Ho, H.L.; Petropoulos, S.; Moisiadis, V.G.; Gibb, W.; Matthews, S.G. Pro-Inflammatory Cytokine Regulation of
P-Glycoprotein in the Developing Blood-Brain Barrier. PLoS ONE 2012, 7, e43022. [CrossRef]

Schinkel, A.H.; Mayer, U.; Wagenaar, E.; Mol, C.A.A.M.; van Deemter, L.; Smit, ].].M.; van der Valk, M.A.; Voordouw, A.C.; Spits,
H.; van Tellingen, O.; et al. Normal Viability and Altered Pharmacokinetics in Mice Lacking Mdr1-Type (Drug-Transporting)
P-Glycoproteins. Proc. Natl. Acad. Sci. USA 1997, 94, 4028-4033. [CrossRef]

Liang, C.; Zhao, J.; Lu, J.; Zhang, Y.; Ma, X.; Shang, X.; Li, Y.; Ma, X.; Liu, M.; Wang, X. Development and Characterization of
MDR1 (Mdrla/b) CRISPR/Cas9 Knockout Rat Model. Drug Metab. Dispos. 2019, 47, 71-79. [CrossRef]

Ambudkar, S.V.; Kimchi-Sarfaty, C.; Sauna, Z.E.; Gottesman, M.M. P-Glycoprotein: From Genomics to Mechanism. Oncogene
2003, 22, 7468-7485. [CrossRef] [PubMed]

Smit, ].W.; Huisman, M.T.; van Tellingen, O.; Wiltshire, H.R.; Schinkel, A.H. Absence or Pharmacological Blocking of Placental
P-Glycoprotein Profoundly Increases Fetal Drug Exposure. J. Clin. Investig. 1999, 104, 1441-1447. [CrossRef] [PubMed]

Lankas, G.R.; Wise, L.D.; Cartwright, M.E.; Pippert, T.; Umbenhauer, D.R. Placental P-Glycoprotein Deficiency Enhances
Susceptibility to Chemically Induced Birth Defects in Mice. Reprod. Toxicol. 1998, 12, 457-463. [CrossRef] [PubMed]

Engstrom, K.; Love, TM.; Watson, G.E.; Zareba, G.; Yeates, A.; Wahlberg, K.; Alhamdow, A.; Thurston, S.W.; Mulhern, M.;
McSorley, E.M.; et al. Polymorphisms in ATP-Binding Cassette Transporters Associated with Maternal Methylmercury Disposition
and Infant Neurodevelopment in Mother-Infant Pairs in the Seychelles Child Development Study. Environ. Int. 2016, 94, 224-229.
[CrossRef] [PubMed]

Olagunju, A.; Owen, A.; Cressey, T.R. Potential Effect of Pharmacogenetics on Maternal, Fetal and Infant Antiretroviral Drug
Exposure during Pregnancy and Breastfeeding. Pharmacogenomics 2012, 13, 1501-1522. [CrossRef] [PubMed]

Daud, A.N.; Bergman, ].E.; Bakker, M.K.; Wang, H.; de Walle, H.E.; Plosch, T.; Wilffert, B. Pharmacogenetics of Drug-Induced
Birth Defects: The Role of Polymorphisms of Placental Transporter Proteins. Pharmacogenomics 2014, 15, 1029-1041. [CrossRef]
Llop, S.; Engstrom, K.; Ballester, F; Franforte, E.; Alhamdow, A.; Pisa, F.; Tratnik, ].S.; Mazej, D.; Murcia, M.; Rebagliato, M.; et al.
Polymorphisms in ABC Transporter Genes and Concentrations of Mercury in Newborns—Evidence from Two Mediterranean
Birth Cohorts. PLoS ONE 2014, 9, €97172. [CrossRef]

Ellfolk, M.; Tornio, A.; Niemi, M.; Leinonen, M.K.; Lahesmaa-Korpinen, A.; Malm, H. Placental Transporter-mediated Drug
Interactions and Offspring Congenital Anomalies. Br. J. Clin. Pharmacol. 2020, 86, 868-879. [CrossRef]

Glaeser, H. Importance of P-Glycoprotein for Drug-Drug Interactions. In Drug Transporters; Fromm, M.F., Kim, R.B,,
Eds.; Handbook of Experimental Pharmacology; Springer: Berlin/Heidelberg, Germany, 2011; Volume 201, pp. 285-297.
ISBN 978-3-642-14540-7.

Kapoor, A.; Igbal, M.; Petropoulos, S.; Ho, H.L.; Gibb, W.; Matthews, S.G. Effects of Sertraline and Fluoxetine on P-Glycoprotein
at Barrier Sites: In Vivo and In Vitro Approaches. PLoS ONE 2013, 8, e56525. [CrossRef]

O, B.Y.S,; Coyle, D.H.; Dunford, E.K.; Wu, ]. H.Y; Louie, J.C.Y. The Use of Non-Nutritive and Low-Calorie Sweeteners in 19,915
Local and Imported Pre-Packaged Foods in Hong Kong. Nutrients 2021, 13, 1861. [CrossRef]

Nunn, R.; Young, L.; Ni Mhurchu, C. Prevalence and Types of Non-Nutritive Sweeteners in the New Zealand Food Supply, 2013
and 2019. Nutrients 2021, 13, 3228. [CrossRef] [PubMed]

Sylvetsky, A.C.; Greenberg, M.; Zhao, X.; Rother, K.I. What Parents Think about Giving Nonnutritive Sweeteners to Their
Children: A Pilot Study. Int. J. Pediatr. 2014, 2014, 819872. [CrossRef] [PubMed]

Products—Data Briefs—Number 377—September 2020. Available online: https://www.cdc.gov/nchs/products/databriefs /db3
77 htm (accessed on 16 January 2023).

Sharma, M.; Nazareth, I.; Petersen, I. Trends in Incidence, Prevalence and Prescribing in Type 2 Diabetes Mellitus between 2000
and 2013 in Primary Care: A Retrospective Cohort Study. BM] Open 2016, 6, €010210. [CrossRef] [PubMed]

Soric, M.M.; Moorman, ].M.; Boyle, J.A.; Dengler-Crish, C.M. Prevalence and Predictors of Metformin Prescribing in Adults
with Type 2 Diabetes Mellitus: A National Cross-Sectional Study. Pharmacother. ]. Hum. Pharmacol. Drug Ther. 2016, 36, 715-722.
[CrossRef]

US Department of Health and Human Services. Antibiotic Use in the United States, 2018: Progress and Opportunities; US Department
of Health and Human Services: Atlanta, GA, USA, 2019.

Debras, C.; Chazelas, E.; Srour, B.; Druesne-Pecollo, N.; Esseddik, Y.; de Edelenyi, ES.; Agaésse, C.; Sa, A.D.; Lutchia, R.; Gigandet,
S.; et al. Artificial Sweeteners and Cancer Risk: Results from the NutriNet-Santé Population-Based Cohort Study. PLoS Med. 2022,
19, €1003950. [CrossRef]

Honda, Y.; Ushigome, F.; Koyabu, N.; Morimoto, S.; Shoyama, Y.; Uchiumi, T.; Kuwano, M.; Ohtani, H.; Sawada, Y. Effects of
Grapefruit Juice and Orange Juice Components on P-Glycoprotein- and MRP2-Mediated Drug Efflux. Br. |. Pharmacol. 2004, 143,
856-864. [CrossRef]

Konishi, T.; Satsu, H.; Hatsugai, Y.; Aizawa, K.; Inakuma, T.; Nagata, S.; Sakuda, S.; Nagasawa, H.; Shimizu, M. Inhibitory Effect
of a Bitter Melon Extract on the P-Glycoprotein Activity in Intestinal Caco-2 Cells. Br. J. Pharmacol. 2004, 143, 379-387. [CrossRef]
Yu, C.P; Hsieh, YW.; Lin, S.P,; Chi, Y.C.; Hariharan, P.; Chao, P.D.L.; Hou, Y.C. Potential Modulation on P-Glycoprotein and
CYP3A by Soymilk and Miso: In Vivo and Ex-Vivo Studies. Food Chem. 2014, 149, 25-30. [CrossRef]


http://doi.org/10.1038/sj.jp.7210633
http://doi.org/10.1371/journal.pone.0043022
http://doi.org/10.1073/pnas.94.8.4028
http://doi.org/10.1124/dmd.118.084277
http://doi.org/10.1038/sj.onc.1206948
http://www.ncbi.nlm.nih.gov/pubmed/14576852
http://doi.org/10.1172/JCI7963
http://www.ncbi.nlm.nih.gov/pubmed/10562306
http://doi.org/10.1016/S0890-6238(98)00027-6
http://www.ncbi.nlm.nih.gov/pubmed/9717696
http://doi.org/10.1016/j.envint.2016.05.027
http://www.ncbi.nlm.nih.gov/pubmed/27262785
http://doi.org/10.2217/pgs.12.138
http://www.ncbi.nlm.nih.gov/pubmed/23057550
http://doi.org/10.2217/pgs.14.62
http://doi.org/10.1371/journal.pone.0097172
http://doi.org/10.1111/bcp.14191
http://doi.org/10.1371/journal.pone.0056525
http://doi.org/10.3390/nu13061861
http://doi.org/10.3390/nu13093228
http://www.ncbi.nlm.nih.gov/pubmed/34579101
http://doi.org/10.1155/2014/819872
http://www.ncbi.nlm.nih.gov/pubmed/25435883
https://www.cdc.gov/nchs/products/databriefs/db377.htm
https://www.cdc.gov/nchs/products/databriefs/db377.htm
http://doi.org/10.1136/bmjopen-2015-010210
http://www.ncbi.nlm.nih.gov/pubmed/26769791
http://doi.org/10.1002/phar.1772
http://doi.org/10.1371/journal.pmed.1003950
http://doi.org/10.1038/sj.bjp.0706008
http://doi.org/10.1038/sj.bjp.0705804
http://doi.org/10.1016/j.foodchem.2013.10.058

Nutrients 2023, 15,1118 20 of 20

74.

75.

76.

77.

78.

79.

80.

81.

Pedersen, K.E.; Dorph-Pedersen, A.; Hvidt, S.; Klitgaard, N.A.; Pedersen, K.K. The Long-Term Effect of Verapamil on Plasma
Digoxin Concentration and Renal Digoxin Clearance in Healthy Subjects. Eur. J. Clin. Pharmacol. 1982, 22, 123-127. [CrossRef]
Belz, G.G.; Doering, W.; Munkes, R.; Matthews, J. Interaction between Digoxin and Calcium Antagonists and Antiarrhythmic
Drugs. Clin. Pharmacol. Ther. 1983, 33, 410-417. [CrossRef]

Briguglio, M.; Hrelia, S.; Malaguti, M.; Serpe, L.; Canaparo, R.; Dell’Osso, B.; Galentino, R.; De Michele, S.; Zanaboni Dina,
C.; Porta, M; et al. Food Bioactive Compounds and Their Interference in Drug Pharmacokinetic/Pharmacodynamic Profiles.
Pharmaceutics 2018, 10, 277. [CrossRef] [PubMed]

Yi, Z.-M.; Zhi, X.-].; Yang, L.; Sun, S.-S.; Zhang, Z.; Sun, Z.-M.; Zhai, S.-D. Identify Practice Gaps in Medication Education through
Surveys to Patients and Physicians. Patient Prefer. Adherence 2015, 9, 1423-1430. [CrossRef] [PubMed]

Hussain, S. Patient Counseling about Herbal-Drug Interactions. Afr. . Tradit. Complement. Altern. Med. 2011, 8, 152-163.
[CrossRef] [PubMed]

Ilias, I.; Rizzo, M.; Zabuliene, L. Metformin: Sex/Gender Differences in Its Uses and Effects—Narrative Review. Medicina 2022,
58,430. [CrossRef] [PubMed]

Ceckova-Novotna, M.; Pavek, P; Staud, F. P-Glycoprotein in the Placenta: Expression, Localization, Regulation and Function.
Reprod. Toxicol. 2006, 22, 400-410. [CrossRef] [PubMed]

Rubinchik-Stern, M.; Eyal, S. Drug Interactions at the Human Placenta: What Is the Evidence? Front. Pharmacol. 2012, 3, 126.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/BF00542456
http://doi.org/10.1038/clpt.1983.55
http://doi.org/10.3390/pharmaceutics10040277
http://www.ncbi.nlm.nih.gov/pubmed/30558213
http://doi.org/10.2147/PPA.S93219
http://www.ncbi.nlm.nih.gov/pubmed/26557752
http://doi.org/10.4314/ajtcam.v8i5S.8
http://www.ncbi.nlm.nih.gov/pubmed/22754069
http://doi.org/10.3390/medicina58030430
http://www.ncbi.nlm.nih.gov/pubmed/35334606
http://doi.org/10.1016/j.reprotox.2006.01.007
http://www.ncbi.nlm.nih.gov/pubmed/16563694
http://doi.org/10.3389/fphar.2012.00126
http://www.ncbi.nlm.nih.gov/pubmed/22787449

	Introduction 
	Materials and Methods 
	Cell Culture 
	NNS and Other Reagents 
	RNA Extraction, cDNA Synthesis, and RT-qPCR 
	Protein Extraction, SDS Page, and Western Blot 
	Calcein-AM Retention Assay 
	PGP ATPase Activation Assay 
	Molecular Docking 
	Statistical Analysis 

	Results 
	Acesulfame Potassium and Sucralose Impact the Expression of Detoxification Actors in Human Liver Cell Line 
	Acesulfame Potassium and Sucralose Inhibit Efflux of PGP Substrates 
	Sucr and AceK Stimulate PGP Efflux Activity 
	AceK and Sucr Show Unique PGP Binding Patterns In Silico 

	Discussion 
	Conclusions 
	References

